Although aerosol delivery through mechanical ventilators has been used to administer various medications, little is known of administration with colistin. This in vitro evaluation aimed to evaluate size distribution of colistin delivery by different types of nebulizers and concentrations during mechanical ventilation. Colistin methanesulfonate (colistin) for injection was dissolved in 6 mL of distilled water to produce a low concentration (L; 156 mg) and a high concentration (H; 312 mg). A dose volume of 6 mL was placed in a vibrating mesh nebulizer (VMN) and a jet nebulizer (JN). The inhaled mass (mean ± SD) of the VMN-L (53.80 ± 14.79 mg) was greater than both the JN-L (19.82 ± 3.34 mg, P = 0.001) and JN-H (31.72 ± 4.48 mg, P = 0.017). The nebulization time of the VMN-L (42.35 ± 2.30 min) was two times longer than the JN-L (21.12 ± 0.8 min) or JN-H (21.65 ± 0.42 min; P < 0.001). The mass median aerodynamic distal to the endotracheal tube was within a similar range at 2.03 to 2.26 µm (P = 0.434), independent of neb or formulation concentration. In conclusion, the VMN-L yields greater inhaled mass than the JN with either concentration. Therefore, a standard nominal dose of colistin results in a higher delivered dose during mechanical ventilation with a VMN compared with a JN and may be considered the preferred device. If JN must be used, multiple doses of low concentration colistin may compensate for poor delivery performance.
Introduction
Colistin methanesulfonate (colistin) is one of the antibiotics used to treat gram-negative infection and hospital-acquired lower airway infection. It has also recently been used to treat gram-negative-induced ventilator-associated pneumonia (VAP) [1] [2] [3] . Colistin is primarily administered intravenously or through inhalation. However, evidence shows that systemically
Materials and Methods

Lung Model
A Servo-i ventilator (Servo-I1, Getinge Group Co., Rastatt, Germany) was set in volume control with a tidal volume of 500 mL, a respiratory rate of 20 breaths/min, a positive end expiratory pressure of 5 cm H 2 O, and an inspiratory time of 1.0 s. Heated humidification (MR850, Fisher & Paykel Healthcare, Inc., Auckland, New Zealand) operating at 37 ± 1 • C was connected to a 7.5 mm endotracheal tube with an inline collecting filter or cascade impactor, and then connected to a lung model with compliance of 0.04 L/cm H 2 O and resistance of 5 cm H 2 O/L/s (Training & Test Lungs, Michigan Instrument Inc., Kentwood, MI, USA). The ambient temperature of the lab was 21 • C with 60-65% relative humidity. The endotracheal tube was wrapped with a heated pad to simulate surrounding tissue temperature and minimize reduction of gas temperature and associated condensate.
Study Design
To compare inhaled colistin delivery at different concentrations, colistin methanesulfonate (colistin) dry powder for intravenous injection (TTY Biopharm Co., Taipei, Taiwan), containing 2 million international units with 156 mg of colistin methanesulfonate in each vial, was used. Two concentrations were prepared for aerosol testing: low concentration (based on the standard label concentration for IV administration) with one vial (156 mg) in 6 mL of distilled water, and high concentration with two vials (312 mg) in 6 mL of distilled water, which is consistent with recommended fill volumes for optimal jet nebulizer (JN) delivery efficiency due to high residual drug in JNs [19] .
A vibrating mesh nebulizer (VMN, Aerogen Solo, Aerogen Ltd., Galway, Ireland) and a pneumatic jet nebulizer (reusable nebulizer NB-32400, Besmed Corp., Taipei, Taiwan) were placed at the inlet of a heated humidifier ( Figure 1 ). The VMN was powered by its electronic controller (ProX, Aerogen Ltd., Galway, Ireland) and the JN was powered by oxygen at a flow of 8 L/min per manufacturer label. All experiments were performed using new nebulizers and were repeated five times (n = 5). 
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To determine the effect of increased concentration, the viscosity of the 2 dilutions was analyzed using a microviscometer (μVISC™, RheoSense Inc., San Ramon, CA, USA) with a chip measurement range of 0.2-100 mPa. The microviscometer was used with a temperature controller to maintain a temperature of 20 ± 0.5 °C.
Drug Delivery and Particle Size Distribution Measurement
The delivered dose, nebulization time, delivery efficiency, and particle size were measured as follows:
Delivered Drug Dose
A collecting filter (VADI Medical Technology Co., Taoyuan, Taiwan) was placed at the distal end of the endotracheal tube to collect the delivered drug. The filter was disassembled, eluted with 20 mL of distilled water, and then gently agitated for 2 min. A prior experiment identified this method of optimizing extraction of colistin at 92%. The delivered drug was analyzed using high-performance To determine the effect of increased concentration, the viscosity of the 2 dilutions was analyzed using a microviscometer (µVISC™, RheoSense Inc., San Ramon, CA, USA) with a chip measurement range of 0.2-100 mPa. The microviscometer was used with a temperature controller to maintain a temperature of 20 ± 0.5 • C.
Drug Delivery and Particle Size Distribution Measurement
Delivered Drug Dose
A collecting filter (VADI Medical Technology Co., Taoyuan, Taiwan) was placed at the distal end of the endotracheal tube to collect the delivered drug. The filter was disassembled, eluted with 20 mL of distilled water, and then gently agitated for 2 min. A prior experiment identified this method of optimizing extraction of colistin at 92%. The delivered drug was analyzed using high-performance liquid chromatography (HPLC), and the percentage of the total dose was calculated.
Nebulization Time
The nebulization time was recorded from the beginning of nebulization until no aerosol could be observed for the VMN, and 30 s after the onset of sputter for JN.
Drug Delivery Efficiency
The drug delivery efficiency, defined as inhaled dose in mg and percentage divided by nebulization time, was used to compare the nebulizer efficiency in the 2 concentrations.
Particle Size Distribution
Aerosols delivered distal to the endotracheal tube were sampled using an 8-stage Andersen Cascade Impactor (ACI, Thermo Fisher Scientific Inc., Waltham, MA, USA) for particle size distribution at ambient temperature of 20.5 • C with 56% relative humidity. The ACI was placed distal of the endotracheal tube, at the same position as the collecting filter. The ACI was operated at 28.3 L/min in the ventilator system, and an external gas was bled into the ventilator system to reach flow/pressure balance throughout inspiration and expiration. Prior to each test, the vacuum flow was validated using a flow meter (Mass Flow Meter 4040, TSI Incorporated, Shoreview, MN, USA). To prevent overloading of the collecting plates of the ACI, each sample was collected for 20 min. Drugs deposited on the collecting plates were eluted with 5 mL of distilled water and gently agitated for 2 min. The eluted drug from each stage was analyzed using HPLC. The mass median aerodynamic diameter (MMAD), geometric standard deviation (GSD), and fine particle fraction (%) defined as particle size ranging from 1.1 to 4.7 µm were calculated.
Drug Analysis
To minimize the hydrolysis process of colistin, the eluted drug samples were stored at 4 • C according to a previously described analytical method [20, 21] . Colistin was analyzed using a validated HPLC method and an Agilent HP 1260 (Agilent Technologies, Santa Clara, CA, USA) equipped with an ultraviolet detector (G1312B), auto-sampler (G1329B), degassing unit (G1322A), and column oven (G1316A). The analysis was performed using an Agilent C18 column with a particle size of 5 µm (Agilent Eclipse XDB-C18). The column oven was set at 10 • C. A trifluoroacetic acid 0.05% (v/v) water solution (Sol A) and acetonitrile (Sol B) mixture were used as the mobile phase in the gradient elution. Colistin was analyzed at a detector wavelength of 210 nm. The injection volume was 20 mL, and a flow rate of 1.00 mL/min was used. The colistin retention time was 17 min. Solutions of colistin in water at 0.2, 0.4, 2, 4, 8, and 20 mg/mL were prepared using the United States Pharmacopeia (USP) colistin methanesulfonate reference standard. The colistin met the USP test specifications. The linearity ranged from 0.25 to 1.2 mg/mL (R 2 = 0.9986) based on USP grade colistin (Sigma-Aldrich Corp., St. Louis, MO, USA). The percentage of colistin recovered from the working standard solution was determined at 94.5% with a confidence interval of 0.95.
Statistical Analysis
The delivered drug dose was considered in terms of mass and calculated as a percentage of the total dose. Data were analyzed using the Statistical Package for the Social Sciences version 23.0 (IBM Inc., Armonk, NY, USA) and expressed as means ± standard deviation. Comparisons of the drug dose and particle size were conducted using a one-way analysis of variance with a Scheffe post hoc test. The viscosity of the 2 concentrations was compared through analysis with independent t-tests. Linear regression was used to determine the correlation between the delivered drug dose and drug concentration. A P-value of 0.05 was considered statistically significant.
Results
Viscosity of Colistin Solutions
The viscosity of the low concentration solution was 1.234 ± 0.001 mPa. The viscosity of the high concentration was 1.310 ± 0.002 mPa (P < 0.001). A correlation was found between the inhaled drug dose and the viscosity of the two concentrations with JN (R 2 = 0.715; P = 0.21).
Nebulizer Performance
The nebulization time of the VMN-H required 82 min; therefore, subsequent experiments with VMN were limited to a low concentration. Table 1 shows the inhaled mass (mg), inhaled dose as a percentage of the nominal dose, nebulization time, and delivery efficiency among the three groups. The inhaled mass of the VMN-L (53.80 ± 14.79 mg) was significantly greater than that of the JN-L (19.82 ± 3.34 mg, P = 0.001) and JN-H (31.72 ± 4.48 mg, P = 0.017). Table 2 shows the particle size distributions of nebulized colistin exiting the endotracheal tube during mechanical ventilation, including the MMAD, GSD, fine particle percentage (%), and the total sampling dose. Drugs were only detected on Stages 3 to 7 (cut-point of <0.43 µm). The MMAD, GSD, and fine particle fraction were similar. Figure 2 illustrates drug deposition at each stage of the ACI sampling. 
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Nebulizer Performance
The nebulization time of the VMN-H required 82 min; therefore, subsequent experiments with VMN were limited to a low concentration. Table 1 shows the inhaled mass (mg), inhaled dose as a percentage of the nominal dose, nebulization time, and delivery efficiency among the three groups. The inhaled mass of the VMN-L (53.80 ± 14.79 mg) was significantly greater than that of the JN-L (19.82 ± 3.34 mg, P = 0.001) and JN-H (31.72 ± 4.48 mg, P = 0.017).
The nebulization time of the VMN-L (42.35 ± 2.30 min) was approximately two times longer than either JN-L (21.12 ± 0.86 min) or JN-H (21.65 ± 0.42 min; P < 0.001). In terms of delivery efficiency per min, the JN-H had the highest mg/min while JN-L had the lowest. By contrast, the VMN-L had the highest proportion of the dose delivered per minute, with three times greater delivery efficiency than JN-H. Table 2 shows the particle size distributions of nebulized colistin exiting the endotracheal tube during mechanical ventilation, including the MMAD, GSD, fine particle percentage (%), and the total sampling dose. Drugs were only detected on Stages 3 to 7 (cut-point of <0.43 μm). The MMAD, GSD, and fine particle fraction were similar. Figure 2 illustrates drug deposition at each stage of the ACI sampling. 
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Discussion
This in vitro study evaluated drug delivery of nebulized colistin during simulated adult mechanical ventilation with two nebulizer types and two concentrations of colistin. Our findings reveal that VMN-L produces a greater total of emitted and inhaled drug doses but requires double the nebulization time of JN for both concentrations. The particle size distribution at the end of the endotracheal tube during mechanical ventilation was similar regardless of the type of nebulizer and drug concentration.
Delivered Drug Dose
The drug dose deposition to the lower airway during mechanical ventilation is associated with the initial dose, inhaled mass, and particle size distribution [11] . Vibrating mesh nebulizers have demonstrated two to three times the delivered drug dose with a bronchodilator compared to JN [22] . Similarly, our results show that the inhaled mass of the VMN-L at 34.44% is two to three times greater than JN-L (12.69%) and JN-H (10.15%).
In this study, due to the different nebulization times, we introduced a calculation of efficiency defined as the drug mass divided by the nebulization time as a comparator. With a double drug dose of initial charge, the JN-H yields the greatest delivery efficiency in mg/min. By contrast, the JN-H has a lower delivery efficiency %/min (0.60 ± 0.10) compared to the VMN-L (0.81 ± 0.20). The only significant difference is between the JN-H (0.47 ± 0.06 %/min) and the VMN-L (P = 0.015). Previous studies have reported that the %/min of albuterol delivered by a JN was 0.52 %/min, whereas the delivery by a VMN was 2.14 %/min [23, 24] . The delivery efficiency of the JN was comparable to our data; however, the delivery efficiency of the VMN-L in our study with colistin is 0.81 ± 0.20 %/min lower than that with salbutamol, as found by previous studies. Increased drug viscosity has been known to influence the delivery time of both JN and VMN. Finlay et al. reported that the higher the concentration and viscosity of nebulized dextran by a JN, the lower the inhaled dose, while Zhang et al. found increasing viscosity significantly reduced nebulizer output [15, 25] . Ghazanifari investigated the effect of fluid physiochemical properties on VMN and found that increased viscosity of fluid reduced the output rate, resulting in prolonged nebulization time [26] .
Colistin, a family of polymyxins composed of amino compounds linked to a fatty acid, is likely to foam during nebulization; the longer the nebulization, the more foam is produced. Birkun et al. assessed the influence of a natural surfactant preparation of antibiotics in vitro and found that a colistin solution generated larger bubbles throughout the experiment [27] . The foaming effect appears to have resulted in a longer nebulization time. In summary, the VMN generates greater delivery efficiency but is slower with Colistin than reported in previous studies conducted with salbutamol.
Particle Size Distribution
Studies have characterized nebulized colistin with different strengths, at 33-75 mg in 4-6 mL of saline, reporting that MMAD varied between 1.4 and 3.2 µm emitted from the same nebulizer in spontaneous breathing models [28, 29] . Others have identified that the MMAD of an aerosol exiting from an endotracheal tube during ventilation is limited to approximately 2 ± 0.5 µm, suggesting that the circuit and artificial airway act as a baffle, filtering out particles greater than 2 µm as they pass through the circuit and airway to the patient. This phenomenon can be demonstrated by narrow GSDs [29] . This explanation is consistent with our finding of reduced GSDs. As larger particles are removed from an aerosol, the GSD is reduced to a level approaching monodisperse aerosol (1.4 µm) [30] .
Yang et al. measured Combivent delivered to the distal end of an endotracheal tube and found that the MMAD of the VMN was 1.57 µm and 1.9 µm for a JN [31] . The marginally larger MMAD found in our study with colistin may be explained by the different flow settings and ventilatory parameters used. Our study set the ventilator parameters, resulting in an inspiratory flow of 42 L/min vs. 60 L/min compared to Yang's study. As the ventilator flow increased, greater impaction occurred in the circuit and airway, resulting in smaller particle sizes being emitted from the end of the endotracheal tube. Other than differences in the formulations of the two drugs, the placement of the nebulizer may have contributed to a slightly larger MMAD. Yang et al. placed the nebulizer 15 cm from the Y piece in the inspiratory limb, whereas we placed the nebulizer proximal to the heated humidifier chamber. When aerosols traveled the longer distance through the inspiratory limb, hygroscopic growth occurred [31] [32] [33] .
To verify the ACI sampling model in our study, the total dose collected by the ACI was compared to the inhaled mass collected by the filter. The sampling time for the ACI was set at 20 min, so as not to overload the stages. By contrast, the nebulization time for the filter lasted until no aerosol could be observed for VMN and 30 s after the onset of sputter for JN. The collected dose from the ACI stages for the VMN was 18.86% of the total dose, approximately half of the inhaled mass (34.44%), which correlated to half of the collecting time (42.35 min). Similarly with the JN, the collected dose from the ACI was comparable to the inhaled mass, but the sampling time of the ACI was slightly shorter (JN-L: 12.07% for ACI vs. 12.69% for inhaled mass; JN-H: 10.55% for ACI vs. 10.15% for inhaled mass). Furthermore, during the vacuum pump sampling, the ventilator function was constantly monitored for inspiratory pressure and tidal volume, which remained unchanged throughout the experiments.
Clinical Implication
This study demonstrated the range of delivery efficiency achieved during mechanical ventilation with colistin via two commonly used types of nebulizers. The lung dose of colistin to optimize clinical response in mechanically ventilated adults has not been established. Device selection should be based on multiple factors including the amount of the dose delivered, cost of nebulizer, cost of drug, and time required to administer. The cost of medication is a key factor in aerosol device selection. In the US, the price of colistin is approximately $25/vial. To achieve a similar delivered dose of one vial with the VMN-L (53.8 mg), the JN-H would require more than the two vials studied. On the basis of two treatments per day, two to four additional vials ($50-$100) would be required with JN per day, increasing medication costs by $350-$700 for a 7-day course of colistin. In this scenario, the VMN which costs $45 and can be used for up to 28 days, would be the most cost-effective strategy. As for staff time, JN-L would require additional doses, and require the nebulizer to be removed from the circuit and washed or replaced after each dose, in contrast to the VMN, which can remain in the ventilator circuit for up to 28 days without cleaning. For ambulatory patients' treatment, time can be critical for adherence; however, for patients intubated during mechanical ventilation, the additional dosing time with VMN is less of a factor than drug cost saving. Based on these factors, the clinical use of VMN-L is recommended.
Limitations
This study has certain limitations. VMN-H was not compared because of the long nebulization time. It should be kept in mind that our low concentration is actually the standard label concentration for IV administration, and the effects of aerosol administration with higher concentrations were not considered due to the potential impact on patient safety. Previous studies illustrate that nebulized aerosol delivery is influenced by the formulation of aqueous solutions [34, 35] . Compared to saline, the physical properties of colistin include higher osmolality, lower surface tension, and higher viscosity. While our study only measured viscosity, further studies are desired on the influence of osmolality and surface tension on drug delivery distal to the endotracheal tube. Additionally, we measured the delivered colistin, which requires a conversion to colistin base activity for the bactericidal effect. The therapeutic effect of colistin, the delivered drug dose, and particle size warrant further evaluation.
Conclusions
The present lung model study shows that the VMN with a low concentration of colistin yields a greater inhaled mass of colistin delivered distal to the endotracheal tube than JN with either concentration. A standard single vial nominal dose of colistin results in a higher delivered dose during mechanical ventilation with a VMN compared to a JN, with a high concentration consisting of two vials. If JN must be used, multiple doses of colistin may compensate for poor delivery performance. The dose of colistin required for the therapeutic effect and bacterial eradication rate warrants further clinical evaluation.
